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ABSTRACT

A technique developed earlier for measuring the temperature of inac-
cesssible surfaces in low-temperature rotating machines is being udapted
to measure the temperature of surfaces at the higher temperaturcs and
jn the erosive environment inside operating turbine engines. The method
user the temperature dependence of the characteristic decay time of the
laser-induced-fluorescence of thermographic phosphors to measure the
temperature. This paper summarises recent work ir f~ur areas: phos-
phor characterization and calibration, jnstrumentation development,
bonding, and field tests. By using improved instrumentation and data-
analysis techniques, we measured calibration curves for several phos-
phors with greater accuracy and extended them to higher temperatures
then before. We evaluated phosphors that were attached to sample sur-
faces by high-temperature bonding materials, electron-beam deposition,
flame spraying, and plasma spraying. We perforined a burner-rig test on
some phosphor-coated samples and designed, bullt, and calibrated the
instrumentation required for an upcoming spin-pit test.
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Introduction

We recently developed a technique for remotely
nieasuring the temperature in rotating machines, such
as developmental motors, electrical-power-generating
turbines, and gas centrifuges. More recently, we have
been adapting it for use in the higher-temperature,
erosive environment in operating turbine engines.!
The goal of the present work is to field, in an operating
engine, a prototype temperature probe that will mea-
sure surface temperatures on first-stage rotor blades
or stator vanes or both.

Review of the Technique

Certain materials—called thermographic
phosphors—(TPs) show unique and useful tempera-
ture dependence of the flucrescence that results from
uv(or higher-energy) excitation. There are basically
two techniques for measuring temperature using TPs.
One of them uses the ratio of temperature-dependent
spectral-emission lines. The other, which uses the
characteristic decay time of those lines, seems to be the
best one for rotating or otherwise periodically moving
rurfaces.

The basic idea is that one can do remote thermom-
etry on either moving or stationary objects by observ-
ing the temperature dependence of the fluorescence
emitted by TPs. The phosphor is bonded to the sur-
face to be measured, and is presumably at the same
temperature or, if not, it is assumed to be possible
to correct any differential. The TP is then excited
by uv (or higher-energy) radiation. This results in
the emission of visible light comprised of groups of
narrow spectral lines whose properties vary with tem-
perature. Appropriste spectral lines are selected with
optical filters and the fluorescence is detected and ana-
lysed by suitable instrumencs. Both the amplitude and
the characteristic-decay time following pulsed excita
tien decrease monotonically with temperature abcve a
‘quanching” temperature. Below the quenching tem-
perature, those properties are constant or increasing.
We use the characteristic-decay time to measure the
temperature.

TP Characterization and Calibration

Virtually all of the TPs studied so far are ceram-
ics that are rare-earth-doped Group Il metal oxides
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and oxysulfides, but we are also studying garnets
and Group II metal-doped fluorogermanates. Table
I lists some basic information about all of the TPs
we have studied so far in their powder form. The
table shows that the TPs’ usefulness as remote tem-
perature monitors extends over the rarge from below
-200 (La;03S:Eu) to at least +1200°C (Y;03:Eu and
perhaps others). The upper temperature limit shown
usually results from the emission becoming too dim
to be detected with oui' experimnent setup. But some
of the oxysulfide TPs begin to disintegrate at higher
temperatures. So the upper limit of their temperature
range may result from either effect. The limit shown
for Y203:Eu is a result of the temperature limit of the
laboratory oven; we expect to extend the temperature
range using a nawly acquired 1700°C oven. A few of
the TP’s temperature ranges have not yet been suffi-
ciently well established to list them on the table. The
emission spectra (luminescence intensity as a function
of wavelength) spectra were all taken with the mate-
rials excited by uv light. In most cases, the excitation
wavelength was 337 nm, from a nitrogen laser. The
excitation spectrz are taken by holding the detected
wavelength constant at one of the important emission
lines while varying the excitation wavelength.

Table II lists those TPs that have had their decay
tiznes measured or that have been temperature-cycled,
¢r both. In most cases, these TPs have been deposited
cn IN-100 substrates after being mixed with a binder,
as shown in the table, or have been deposited directly
by a mechanical deposition method. The decay times
listed are all within the range of readily detectable sig-
nals. Temperature cycling causes adverse effects in a
few cases. These are currently being studied for expla-
nations. The precision values of three TPs were estab-
lished by making isotharmal measurements. The oven
was set at a fixed temperature, decay-tiine measure-
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menta were repeated ten times, and the results were,
analysed statistically. Th- resulting two-sigma vnlue;l'
are: La;038:Tb, £2° F a2 300°F; YVO,:Dy, £6° F
at 600°F; and Mg, (F)GeOg:Mn, £10” F at 90(°F and
+14° F at 1250°F.

At least four TFPs are of particular interest for fu-
ture work. One of them, Y;0,5:Gd, has strong emis
sion lines that are completely quenched at 1000°C,
but some weaker lines are not quenched and therc-
fore right Le useful at higher temperatures. Evalu-
ation ¢f the energy-level diagrams of Gd;03:Fu indi-
cates that it is also a high-temperature candidate, We



have a0t yet found a vendor for it, however. The the-
ory indicates that Sc3O4:Eu should be useful at very
high temperature because it has a small lattice and a
large d>pant. We hav2 had a sample grown at the Oak
Ridge Naticnal Laboratory and are currently testing
it. Mauganese-doped magnesium fluorogermanate has
a large number of thermographic emission lines, some
of which appear to be usable st temperatures well in
excess of 1200°C.

Most of our recent effort has gone into studying
Y3203:Eu, which has a 611-nm emission line that is
useful to at least 1200°C. We tested the TP in vari-
ous forms: powder, hot-pressed capsule, and bonded
to surfaces by eleciron-beam deposition, flame spray,
and plasma spray. 'We found that the ®virgin” (prior to
temperature cycling) decay time-vs-temperature cali-
bration curves for the various forms showed a discon-
certing variation in slope of the semilog plots. Fol-
lowing appropriate *burn-in® by temperature cycling,
the curves stabilised, but not necessarily to the same
slope for each form of the phosphor. There are also
phosphor-binder interactions that are not yet under-
stood.

Experimental Techniques andData Analysis

We are methedically evaluating the systematic er-
rors in the calibration equipment, the data-acquisition
instruments, and the data-analysis hardware and soft-
ware. A careful calibration of our laboratory-grade
ovens has documented the nature of the thermal
gradients.? Figure 1is a three-dimensional plot of tem-
perature az a function of potition at a nominal tem-
perature of 1150°C relative to an NBS-traceable ther-
mocouple. The very substantial variation in tempera-
ture (70° between extremes) shows that one inust be
very careful, when taking calibration data, to locate
samples carefully, especially with respect to the ther-
mocouple. It is also useful to have a rather large ther-
mal mass surrounding samples to serve as a constant-
temperature heat sink.

The precision limits of the Tektronix 7854 wave-
form-processing oscilloscope have been explored.® Fig-
ure 2 is a plot of the measured decay lifelime as a func-
tion of the number of data averagings. Note that there
is an optimum number of averaginge, at which both the
orror and the uncertainty ere minimized. Above that
optimum number, the error in the measured lifetime
increases because of truncation errors.

All calibrations so far have used a photomultiplier
tube (PMT) as the optical detector. In our quest to
maximige the accuracy of the calibration data, we have
compared RCA 2020 PMTs with EG&G FOD-100 sil-
icon photodiodes, ITT high-speed vacuum photodi-
odes, and RCA avalanche photodiodes (APDs). The
work with APDs indicates that we may expect bet-
ter SNR, better background rejection, better linearity,
and higher accuracy from them than from PMTs in
those situations where their slightly lower gain is not
a serious problem. We have also evaluated gating of
PMTs as a way of discriminating against backgrounds
that steal charge from the tubes. This difficult prob-
lem has been looked at extensively by others without
finding a fully satisfactory solution. We have devised
a new gating technique which looks promising, but it
will become academic if APDs fulfill thesr promise;
with them, gating is expected to be unnecessary.

An improvement to the data-acquisition system has
reduced the systematic error in the decay-time mea-
suremen: to 3% it high temperature, compared with
the previous 10% or greater. A 150-ns delay after ex-
citatiop establishes a starting point for the measure-
ment, which then uses the 80% and 30% amplitude
points relative to the starting-point amplitude.

A completely different technique is in use for those
cases where the cha:acteristic-decay curve deviates
substantially from an exponential. This technique cal-
culates the correlation coefficient, p, for a complete
waveform at the unknown temperature by comparing
it with a stored library of data points at other, known,
temperatures. A cubic curve fit to 1 — p, as shown in
Fig. 8, is plotted vs temperature. The minimum in
this curve occurs at the unknown temperature.

The optics used for excitation of TPs and collection
of light emission have also been improved. Figure 4
shows an optical assembly we designed and fabricated
that efficiently feeds uv light into samples in ovens
and detects the fluorescence. Incoming uv is almost
entirely reflected by a dichroic mirror into an optical
fiber that goea to the sample. The return signal, which
includes some uv reflected by the sample, also strikes
the dichroic mirror. The background uv is reflected
while the visible light passes through. A narrowband
optical filter selects the desired wavelength of fluores-
cence, which passes into the PMT.

The optical fibers that are now being run into ovens
directly adjacent to the TP samples replace a less-
efficient lens system used previously. Silica fibers begin
to sag at about 1150°C, so we are now using high-
purity sapphire rods inside the ovens. Ultimately,
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for engine probing, we will encase fibers inside cooled
metal probes. Three different versions of these are now
either being built or tested for use in different appli-
cations.

Bonding

We are evaluating bonding methods that may be
suitable for high-temperature surfaces. We are par-
ticularly interested in those techniques that apply
TPs directly to surfaces, such as electron-beam, sput-
tering, flame-spray, and plasma-spray methods, and
those wherein TPs are mixed with high-temperature
binders.

Several of the binders used are showa in Table II.
W+ will discuss use of one of them in more detail in
the next section.

Direct Methods

A. Flame spray. Procedures were developed in an
attempt to use“carrier” materials (metals or ox-
ides that carry the phosphors with them to the
substrate) in the flame-spraying process, with
three goals. First, TPs that could not normally
be lame-sprayed (because of inappropriate parti-
cle sises or tendency to agglomerate) mighkt now
be flame- sprayed. Sezond, in addition to be-
ing used as carriers, metals would better match
the coefficient of expansion of the substrate aud
would hav~ higher thermal conductivity, with
obvious benefits. Finally, we could find out if
the TP-carrier mixtures would survive the lame-
spray temperatures, Tuble III lists some of the
carrier materials and Table IV shows the results
of flarme spraying with carriers.

B. Sputtering. We attempted to increase the sput-
tering rate over that reported previously! by con-
structing a special, water-cooled, larger target.
The results were still disappointing. The new
target gave a variable thickness (2:1 ratio) of TP
over the 6-1n x 6-in coating area and the coating
was spotty. Sputtering is useful in those appli-
cations that require a thin layer of TP but---s0
far—is not useful for relatively thick coatings.

C. Electron-Beam. Y304:Eu was electron-beamed
onto selected superalloy bars, IN-1CO sheets, and
several ceramics. The coatings were smooth, uni-
form, and adhered well.

D. Plasma-Spray. We are assuming, without doing
any actual plasma spraying, that any tests done
by flame spraying can be done better by plama
spraying except when the higher operating tem-
perature adversely affecta the TPs.

Several samples of inconel sheets and an IN-100
casting on which Y203:Eu had been deposited were
examined using SEM (scanning electron microscopy)
and ESCA (electron spectroscopy for chemical analy-
sis). The results are discussed elsewhere.

Field Tests

Twelve samples of turbine-blade sections were sub-
jected to a burner-rig test at United Technologies Re-
search Center (UTRC). The bar numbers (our des-
ignation), the TPs, and the application method are
shown in Table V. Tke unpassivated bars were sub-
jected to 1170°C at a gasvelocity of Mach 0.2-0.4 for
two hours, Normally, unpassivated bars are not tested
above about 900°C, but no passivated bars were avail-
able. Substantial TP loss occurred on all bars. The TP
loss was greatest in th2 lame center where the highest
temperature and velocity are expected. However, de-
spite tl:e extreme conditions, all bars had measurable
TP remoeining outside of the central area, and some
had mecasurable TP in the center. Substrate oxida-
tion and resultant spalling of the TP appeais to be
the main loss mechanism. Further tests at such tem-
peratures will be restricied to passivated bars.

The experiment design is complete for a spin-pit
test at UTRC. Thie will be the first test of TPs bonded
onto an actual turbine diac that is subjected to super-
imposed centriiugal and heat loads. We will atiempt
to measure the temperature of the disc during the test.
Figure 5 shows the optics layout and Fig. 6 shows the
triggering and timing layout. Nins "spots” of TP have
been lsid outon the disc (Fig. 5) in the same radial po-
sition as thin-flm thermocouples attached by UTRC
personnel. Light at 837-nrn from the laser strikes the
spots at the several radii on the disc, as selected by
the gimbal mirror. The fluorescence-collection optics
are housed in a light-tight cylinder. The wavelength



filter selects the desired spectral line after the phos-
phorescence passes through the aperture (spatial fil-
ter), the optical signal is detected by the PMT, and
the resultant electrical signal is recorded. The timing
(Fig. 6) is set up to synchronise the firing of the laser
to the locations of the TP spots. M any details are not
shown. For example, a countdown trigger generator
selects only every n'” tachometer pulse from the spin-
pit rig, because the laser can only be fired at about 10
pPps maximum rate.

The test will inclnde measurements at 300, 600, 900,
and 1250°F. The three TPs discussed in the previous
cection will cover the test temperature range.

None of the dirsct phosphor-zpplication methods is
suitable for this test. For example, none of the three
TPs can be flame-sprayed. Electron-beam deposition
was not used because Laz03S cannot be hot-pressed
and the other two TPs have never been hot-pressed,
a requirement for the electron-beam target. Of the
binders tested, CRC-SBE was chosen because it re-
duces oxidation of the subsirate, can be applied in a
thin coat, withstood g-load tests at 1000°F, and passed
a simple durability test.
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FIGURE CAPTIONS

1, Plot of the temperature vs position in a laboratory
oven.

. Mcasured decay lifetime vs number of data averag-

ings for a Tektronix 7854 oscilloscope.

. Curve fit to 1 — p as a function of temperature.

. Optical assembly for feeding uv light into thermo-

graphic-phosphor samples in ovens and for extract-
ing and zeparating the desired Juminescence sig-
nal.

. Optics layout for the spin-pit test

. Triggering and timing layout for the spin-pit test
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[+ Table 1,{
Summary oj‘MenuremegEu ou Rhesphor-Powders
" Range
Vender Measured Emission Excitation

Phosphor GTE USR Other Color to Eye (°C) Spectrum Spectrum
Laz0,;8:Eu x yellow <200 to +200 yes yes
Y;0,8:Eu x x x red 30 to 300 yes yes
La20,S:Tb x x green yes
Gd20,8:Tb x x green yes
Y,0;8:Tb x blue to white 100 to 310 yes yes
Y;0.8:Tb x green 260 to 540 yes yes
Y,0,S8:Pr x white yes yes
YVO,:Eu x red 350 to 500 yes yes
YVO,:Dy x yellow 280 to 370 yes yes
Y20i5:Eu x x red 600 to 1200  yes yes
Y;0,;:Gd x blue yes yes
S¢;04:Eu x red 400 to 1200  yes yes
Mg((F)GeOg:Mn  x 435 to 730 yes yes
YsAlO,3:Tb x 750 to 1100  yes yes
Ba3(POy);:Eu x blue yes yes
BaClIlF:Eu x red yes
BaCIF:Sm x red (bad sample)



Table II

Summary of Measurements on Bonded Phosphors

Phosphor Measured Decay Temperature Precision Excitation Emission Emission Emission Comments
Binder Temperature Times Cycling Value Spectira Spectra Spectra Line
Suostrate Range (°C) (us) at T, at T, at >T, (am)
La;0;38:Eu yes; yes saturation
CRC-SBE 100-200 120-20  loses yes yes before and no 837 observed
{note 1) sensitivity  (note 6€) after cycle
IN-100
L2;0,8:Eu yes; yes
P-1 100~-200 12-20 shifts ne no before and 1o 537
(note 2) calibration after cycle
IN-100

12S:Eu yes; yes more sensitivity loss

.ote 8) 100-200 120-20  loses no no before and no 537 with cycling than
IN-100 sensitivity after cycle with CRC-SBE binder
Y20,8:Tb yes; yes calibrat.on
flame sprayed 260-540 450-2 4cyclsto no no before and no 544 shifted £25°C
IN-100 650°C after cycle with cycling
YVO,:Dy yes; yes no change with
CRC-SBE 280-370 140-20 2 cyclm to yes no before and no 874 cycling; saturation
IN-100 850°C (note 8) after cycling observed
YVO,:Eu yes; good alternative
C904(note ¢) 425-700 2904 1 cycle to no yes yes no 617 to Mg,(F)GeO¢:Mn
IN-100 700°C
Mg (F)GeO, 664 ratio of two lines
‘Mn 10-480 3000-340 no no no yes yes — as & function of
Al 837 temperature
Mg (F)GeOq yes; loses quantum
:Mn CRC-SBE 425-760 200-0.24 2 cycles to  yes yes yes no 660 efficiency with
IN-100 760°C (note 6) eycling (note 7)
Y30,:Eu yes;
flame-sprayed 590-700 300-100 @B cyclesto no yes yes no 611
IN-100 730°C
Y,0,:Eu study compares calibration
(note B) 860-850 800—4 no no no no no 611 curves for different

deposition methods

Y30,4:Eu yes;
hot-pressed 800-1035 300-04 2 cycles yes yes yes no 611
pellet to 1030°C
Notes.

1. CRC-SBE is & water-based ceramic refractory paint made by Ceramic Retractory Corp.
. P-1 is a powder or paste form of Insa-Lute Adhesive Cement %1 made by Sauereisen Cements Co.
. 8C is a cellulosic-based binder made by ZYP Coatings, Inc.
. CO0M is an ultrahigh-temperature sirconis-based pigment vehicle made by Cotronics Corp.

. Precision values of these phosphors were established in order to use the phosphors in the spin-pit test described below.
. This phosphor is used in a commercially available de thermometry instrument in the temperature range from -100 to 400°C. However,

2
3
4
:. This phosphor was compared in three different forms: electron-beam deposited, plasma-sprayed, and sputtered.
7
d

ecay times in this region are too long to be ueable in rapidly rotating objects.



TABLE III. Carrier Mat-rials

Material Components Comments
M461 Ni, Cr, A], Co, Y Self-bonding
MI15E Ni, Cr, Fe, §i, B, C Self-fluxing
PWA 1368 Ni, CO, Cr, A}, Hf, Y Passivation Layer
M201 ZrO; + CaCOj To be used with a bond coat
M202 ZrO; + Y0, To be used with a bond ccat
M31C Ni, WC, Cr, B, Si Self-fluxing
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TABLE(V. Burner-Rig-Test-Bars

Mix Mix Ratio Comments
Y203:Eu + MISE 1:2 Fluor in pits — on grinding down, fluor greatly reduced
Y3203:Eu + Md61 1:1 Fluor in pits - in grinding down, fluor greatly reduced
Y,03:Eu + PWA 1368 1:1 No visible fluor
Y,0;5:Eu + M202 1:2 Fluor
Y203:Eu + M201 1:2 Fluor - somewhat spotted
Mg((F)GeOs:Mn + M202 1:2 Spotted Fluor
Y20;:Eu + M31C 1:2 Fluor in pits - on grinding down, fluor greatly reduced




TABLE V. Burner-Rig-Test Bars

Bar ¢ Phosphor Application Method
Fle Y303:Eu/Y;038:Tb Flame spray
Fl4 Y3038:Tb/Zr0O; Flame spray
FJ3 Y3038:Tb/ZrO, Flame spray
E-3J5 Y303:Eu E Beam
P-3J3 Y303:Eu Plasma

FJl2 %203:Eu/ZrC, Flame spray
¥l Y30s:Eu/Zr05 Flame spray
E3J4 Y203:Eu E Beam

Fl5 Y303S5:Tb/Y305:Eu Flame spray
E3J3 Y;04:Eu E Beam
P2J4 Y203:Eu Plasma spray
SP-3-1 Y;0;:Eu Sputter
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